The principal DNA restriction-modification system of the cellulolytic ruminal bacterium Ruminococcus flavefaciens FD-1 is described. The restriction endonuclease RflFI could be separated from cell extracts by phosphocellulose and heparin-sepharose chromatography. Restriction enzyme digests utilizing RflFI alone or in combination with Sail, a restriction enzyme isolated from Streptomyces albus G, showed that the DNA sequence recognized by RftFI either overlapped or was the same as that recognized by Sall. DNA sequence analysis confirmed that RfJFI was identical in activity to Sall, with the recognition sequence being cleavage occurring between G and T. Adenine methylation within this sequence can be catalyzed in vitro by TaqI methylase, and this inhibited the cleavage of plasmid DNA molecules by RflFI and Sail. Chromosomal DNA from R. flavefaciens FD-1 is also methylated within this DNA sequence because neither restriction endonuclease could degrade this DNA substrate. These findings provide a means to protect plasmid molecules from degradation prior to gene transfer experiments with R. flavefaciens FD-1.
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The ruminal bacterial species Ruminococcus flavefaciens plays a vital role in the conversion of plant cell wall carbohydrates into readily utilizable substrates. The ability of this species to degrade cellulose and heteroxylans has prompted research to understand the genetics and molecular biology possessed by the species to perform such processes. The strain chosen for study in our laboratory, R. flavefaciens FD-1, is one of the most active degraders of cellulose and has already been utilized to provide some of the genetic information currently available for Ruminococcus spp. (for examples, see references 3 and 17). However, the knowledge so far has been obtained from cloning strategies and expression of the gene products via Escherichia coli plasmid and bacteriophage X systems (10) . One objective vital for future research is the establishment of a stable DNA transfer system between ruminal bacteria and either E. coli or a gram-positive bacterium with a well-studied genetic system. The introduction of plasmid DNA into ruminal bacteria has been only a recent accomplishment (6) (7) (8) 15 ) and except in one case (16) (12) attributed their successful use of electroporation with Campylobacterjejuni to the ability to isolate plasmid DNA directly from this strain. The DNA was suitably protected from the recipient's restriction enzymes, and the transfor-* Corresponding author. mation efficiency was 104-fold higher than the transformation efficiency in similar experiments using the same plasmid DNA molecule isolated from E. coli HB101.
The aim of the research presented here was to adequately describe the principal restriction-modification system present in R. flavefaciens FD-1 and to develop in vitro strategies which may be used to protect plasmid DNA prior to electroporation.
MATERIALS AND METHODS
Bacterium and growth, cell fractionation, and recovery of restriction enzymes. R. flavefaciens FD-1 was from our culture collection and was grown in batch cultures of EM medium (5 were activated and equilibrated as recommended by the manufacturer and then packed within glass columns (7 by 150 mm). The settled bed volumes were 4.5 ml, and the flow rate of the running buffer was controlled by a peristaltic pump fitted to the outflow end of the column and attached to an automated fraction collector, increasing the void volume to 5.5 ml. The dialyzed CEs were loaded and washed over the columns with 10 ml of running buffer. A linear gradient between 0 and 0.5 M KCI was developed in 50 ml of the same buffer when phosphocellulose chromatography resin was used, and then another 10 ml of 0.5 M KCl in running buffer was used to wash the column. A similar procedure was followed for heparin-Sepharose chromatography, with the exception that the linear salt gradient was 0 to 1 M NaCl. Fractions (0. Fig. 1 . After linearization, a single RflFI site was found in pBR322 DNA, and further, it was apparent that RflFI probably recognized the same DNA sequence as Sall.
The Sall restriction endonuclease recognizes the sequence 5'-GTCGAC-3' (2), and the internal tetranucleotide sequence 5'-TCGA*-3' (the asterisk [*] indicates site of methylation) is also recognized by the TaqI endonuclease and methylase enzymes. To determine whether RflFI activity could be inhibited by the TaqI methylase, pBR322 DNA was first linearized with ScaI and precipitated with isopropanol, and then one-half was incubated with TaqI methylase overnight. The methylated and unmethylated DNA substrates were then incubated overnight with either TaqI, Sall, or RflFI. The results of these experiments are shown in Fig. 2 . Methylation of pBR322 by the TaqI methylase sufficiently inhibited both SalI and RflFI activity, as well as TaqI activity. Thus, adenine methylation inhibited both restriction endonucleases possessing the larger recognition sequence. Furthermore, the Sall restriction enzyme was found to possess no activity against chromosomal DNA derived from R. flavefaciens FD-1; this is indicative of the methylation site for the cognate methylase of RflFI, which also resides within this hexanucleotide DNA sequence (data not shown).
DNA sequencing confirmed that RftFI is a true isoschizomer of Sall. DNA sequencing provided definitive evidence that RflFI behaves identically to Sall: the cut site is located to the 3' side of the first guanine residue in the sequence 5'-GTCGAC-3' (Fig. 3, lane 5, arrow a) , and generates a 4-bp 5'-to-3' overhang. This is demonstrated by the length of the band shift following reincubation of the DNA substrate with Klenow fragment (Fig. 3, lane 6, (14), and when the cut site has been determined, the location is identical. Both adenine and cytosine methylations within the Sall recognition sequence have previously been shown to inhibit DNA cleavage by this enzyme (13) ; therefore, we cannot determine from these experiments which base is modified by the cognate methylase of RflFI.
The findings presented here are the first of their kind for Ruminococcus spp. and demonstrate that these microorganisms possess DNA-cleaving enzymes with a high level of specificity. The studies also achieved our objective: to determine how to protect plasmid DNA, prior to electroporation, from the principal restriction endonuclease present in this important ruminal bacterium. Experimentation is now planned to assess DNA entry following electroporation and phenotypic expression of in vitro methylated plasmid molecules, which are resistant to restriction enzyme activity.
